Abstract: Real-time analytical tools to monitor bioprocess and fermentation in biological and food applications are becoming increasingly important. Traditional laboratory-based analyses need to be adapted to comply with new safety and environmental guidelines and reduce costs. Many methods for bioprocess fermentation monitoring are spectroscopy-based and include visible (Vis), infrared (IR) and Raman. This paper describes the main principles and recent developments in UV-Vis spectroscopy to monitor bioprocess and fermentation in different food production applications.
Introduction
There is an increasing need for real-time analytical tools to monitor bioprocess and fermentation in biological and food applications [1] [2] [3] . The driving force behind this transition from traditional laboratory analysis to process monitoring is the need for more rapid process control information, to comply with safety and environmental guidelines and reduce the costs of production [4] [5] [6] [7] [8] [9] [10] [11] [12] . Several studies have highlighted the usefulness of complex or multiplex systems (a combination of several sensors) and techniques to monitor biological processes [4] [5] [6] [7] [8] [9] [10] [11] [12] .
In recent years, process analytical technology (PAT) has proven to be one of the most efficient and advanced tools for continuous process monitoring and control, as well as providing objective measurements of raw ingredient quality in several fields including the food processing, petrochemical, and pharmaceutical industries [4] [5] [6] .
The PAT method framework and the tools used in process monitoring are categorised into four succinct areas, as follows: (1) multivariate data acquisition and analysis methods, (2) modern process analyser or process analytical hardware, (3) process endpoint monitoring and control guidelines, and, finally, (4) protocols, continuous improvement and knowledge management tools [4] [5] [6] .
The use of sensors (e.g., biosensors, spectroscopy) for bioprocess monitoring is widely seen as a powerful tool by the U.S. Food and Drug Administration [4] [5] [6] . Spectroscopic sensors, when combined with PAT, enable simultaneous, real-time bioprocess monitoring of various critical parameters including biological, chemical, and physical variables during the whole production process [9] [10] [11] [12] . In combining multiple techniques using PAT with spectroscopy (UV/Vis spectroscopy, IR spectroscopy, fluorescence spectroscopy [13] [14] [15] , and Raman spectroscopy), we add the depth of multivariate data analysis. Users can obtain relevant process information from large and comprehensive datasets [16] [17] [18] [19] [20] [21] [22] . The main advantages of using spectroscopic methods for bioprocess monitoring include the inherent speed of analysis, sensitivity, and robustness of the obtained data [22] [23] [24] [25] [26] [27] . However, some spectroscopic techniques are non-selective in the sense that most compounds detected will be in complex solutions or suspensions (matrices) and will typically result (directly or indirectly) in multiple bands or peaks being obtained in the resulting spectra [22] [23] [24] [25] [26] [27] . In addition, changes due to physical effects may mask any linear correlation between the sensor signal and the concentration of the analytes [22] [23] [24] [25] [26] [27] [28] . The development of fibre-optic probes and flow cells has allowed for the ease of implementation of spectroscopic methods for real-time, online monitoring of several bioprocesses [25] . Overall, bioprocess monitoring using spectroscopic methods in combination with additional sensors enables the simultaneous detection of analytes and molecular variations as well as the measurement of several compounds. Additionally, other background properties in the growth medium may be observed-for example, the metabolic state of the cells in media, which is of great importance for real-time knowledge of bioprocess performance in fermentation [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Online applications based on spectroscopy (e.g., NIR, MIR) started around the end of the 1980s primarily due to the availability of fibre optics and portable instrumentation [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Most of these applications are related to the control and monitor of liquids, mainly because the application of fibre optics was easier to use with this type of sample [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
This paper describes the main principles and recent developments in UV-Vis spectroscopy to monitor bioprocess and fermentation in different food production applications.
The Origin of the UV-Vis Spectra
Spectroscopy is the interaction between waves originated in the electromagnetic spectrum and molecules present in the sample matrix under analysis [29, 30] . The two main spectroscopic techniques used in food analysis are atomic and molecular spectroscopy [29, 30] . The development and implementation of these spectroscopy methods in the field of food analysis [31] are based on the interactions between matter and light that resulted in absorption, emission, and scattering events characteristic of the sample [29, 30] . In food analysis, these applications are based on a variety of spectroscopic methods and techniques that use the benefits of different wavelength ranges including ultraviolet and visible (UV-Vis), near-infrared (NIR), mid-infrared (MIR), far infrared (FIR), Raman, microwaves, radio waves, and nuclear magnetic resonance (NMR) [29] [30] [31] [32] .
UV-Vis spectroscopy is a sensitive method in molecular spectroscopy that uses ultraviolet and visible light in the wavelength range between 200 and 780 nm [29] [30] [31] [32] . As stated above, this spectroscopic method is based on the absorption, scattering, diffraction, refraction, and reflection properties of the sample analysed [29] [30] [31] [32] . The absorption of UV and Vis light is restricted to certain molecular functional groups called chromophores, in which electrons are excited at different frequencies [29] [30] [31] [32] .
As in many spectroscopic applications, the Beer-Lambert law describes the correlation between light absorption by the molecule, the light path length of the sample, and the concentration of the absorbing molecules in the liquid medium [29] [30] [31] [32] . Therefore, on the basis of the absorption measurement, the presence and concentration of analytes in the food matrix as a consequence of its chemical and physical properties can be determined and quantified [29] [30] [31] [32] .
Sample Presentation
The use of UV-Vis spectroscopy in analytical food chemistry to measure different chemical compounds has been reported by several authors [29] [30] [31] [32] [33] [34] [35] . The measurement of proteins and other large molecules is the predominant application of this technique in the literature, where light is absorbed by functional groups, resulting in non-specific UV-Vis spectra [29] [30] [31] [32] [33] [34] [35] . However, differentiation of specific proteins using UV spectra is rarely possible [29] [30] [31] [32] [33] [34] [35] .
UV absorption analysis of solutes can only be performed in a homogenous liquid solution [29] [30] [31] [32] [33] [34] [35] . When suspended solid particles are present, the absorption and light scattering effects of the particles dominate the light absorption from the sample [29] [30] [31] [32] [33] [34] [35] . In bioprocess and fermentation monitoring, optical density (OD) provides the most relevant information to make the measurements. This effect can be used to determine the concentration of biomass in turbid samples [29] [30] [31] [32] [33] [34] [35] . The main advantage of OD is that it associates very well (linearly) with microbial cell mass at low concentrations; however, at higher concentrations it is not sensitive [29] [30] [31] [32] [33] [34] [35] . Furthermore, distinguishing between viable and dead microbial cells and noting the differences between intact, microbial cell debris and other solid particles is difficult [29] [30] [31] [32] [33] [34] [35] .
Modern UV-Vis instruments based on the use of fibre-optics coupled with linear photodiode arrays expand the use of this technique to measuring several analytes in aqueous solutions [27] [28] [29] [30] . General principles used in modern UV-Vis instrumentation are described by Lourenço and collaborators [2, 30] . Most of the applications related to bioprocess and fermentation monitoring describe the use of OD to measure cell concentration, where others are based on light scattering [2, 30] . For example, in the wavelength range between 350 and 400 nm, several researchers have reported the usefulness of this range to differentiate between viable and dead microbial cells due to an increase in absorption associated with microbial cell contents and nucleic acids originating from the damaged microbial cells [2, 33] . In recent years, new developments in high-resolution UV-Vis spectroscopy lead to better applicability in bioprocess monitoring [2, 28, 33] . New commercially available spectrophotometers use charge-coupled devices (CCDs) or photodiode arrays instead of expensive photomultipliers [2, 28, 33] . Besides their excellent performance in the UV region, these instruments are also useful for measurements in the wavelength range between UV and near-infrared (NIR) [2, 28, 33] . Modern UV-Vis spectrophotometers show outstanding sensitivity, high scanning speed, compactness, and high robustness and are inexpensive, making them the analytical tool of choice for multiple industrial applications [2, 28, 33] . In recent years, high-resolution UV-Vis spectrophotometers have been reported to monitor several chemical properties in bioprocesses [2, 28, 33] . In this type of instrument, a deuterium light source is used to produce a light beam in the range of 185-400 nm, where a concave holographic flat-field diffraction grating is utilized [2, 28, 33, 34] . Then, the continuous spectrum is measured with a CCD camera that allows for simultaneous detection of different analytes [2, 28, 33, 34] . Overall, UV-Vis spectroscopy has been used in the determination of several substrates, metabolites, and products, as well as in the detection of undesired byproducts or toxic substances [2, 28, 33, 34] .
Data Analysis
Recent applications and the expansion of UV-Vis spectroscopy in the food industry are possible due to the use of several data mining and multivariate data analysis tools. Multivariate data analysis or chemometrics was introduced by a number of disciplines and research groups in a diverse field of applications such as food chemistry, analytical chemistry, and organic chemistry in the late 1960s [32] [33] [34] [35] [36] [37] [38] [39] . With modern chemical measurements and the development of PAT, the analyst is often challenged with large datasets where the essential information may not be readily evident [22] . Therefore, the sample in its entirety and not just a single component is analysed, together with the interactions between the constituents and other properties of the sample [35] [36] [37] [38] [39] [40] [41] [42] .
Multivariate data methods allow for the analysis of several variables and their interactions, moving beyond the univariate domain [42] . In most applications, the use of multivariate data methodologies enhances the analysis and interpretation of instrumental data, allowing the extraction of relevant information from the sample [35] [36] [37] [38] [39] [40] [41] [42] . Currently, several food quality measurement techniques are multivariate in nature and are based on the indirect measurements of the chemical and physical properties within the sample matrix [32] [33] [34] [35] [36] [37] [38] [39] [40] . However, these methods and techniques are considered correlative in nature [31, [35] [36] [37] [38] [39] [40] [41] [42] [43] .
The use of chemometrics coupled with spectroscopic techniques provides the analyst with the ability to obtain more information from a single measurement because the combined methods can record responses at many wavelengths simultaneously [31, [35] [36] [37] [38] [39] [40] [41] [42] [43] . From the collected data, the information can be visualized as a pattern that contains information about a complex bioprocess-for example, fermentation [31, [35] [36] [37] [38] [39] [40] [41] [42] [43] . The information generated during the analyses will allow the monitoring of fermentation using a range of inexpensive sensors or probes and enables analysts to create a decision-making system for monitoring and potentially automated management of the fermentation process [31, [35] [36] [37] [38] [39] [40] [41] [42] [43] . Ultimately, data mining combined with statistical tools, machine learning, and database management systems allows for the intelligent extraction of key information from the UV-Vis spectra [31, [35] [36] [37] [38] [39] [40] [41] [42] [43] . Moreover, the incorporation of different techniques in the data mining system will produce different outcomes based on the user's specifications and requirements [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . These outcomes can be expressed either as classification, association, clustering, prediction, or deviation analysis [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . More detailed information about the numerous algorithms, formulas and procedures used in multivariate analysis can be found in more specialized literature [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
Applications and Examples of UV-Vis Spectroscopy in Bioprocess and Fermentation Monitoring
Phenolic compounds play an important role in the colour, flavour and "mouth feel" attributes of wines [50] . Consequently, the measurement of phenolic compounds during fermentation is important to better understand and control the winemaking process [50, 51] . UV-Vis spectroscopy was used to monitor the phenolic composition during winemaking, where models used to predict phenolic compounds were developed using partial least squares (PLS) regression [50, 51] . The accuracy and robustness of the calibration models were evaluated by the authors using the slope and intercept, interclass correlation coefficients and standard error of measurement [50] .
Difficulties in bioprocess monitoring are a drawback of solid-state fermentation (SSF), specifically when monitoring enzyme activity in SSF [52] . The combination of PLS regression and artificial neural network (ANN) with UV-Vis spectroscopy was evaluated to measure the activity of enzymes (protease and amylase) and protein concentrations in aqueous extracts [52] . The relative errors from the models reported by these authors were for amylolytic and proteolytic enzymes 4% (3-442 µg −1 ) and 6% (0-256 µg −1 ), respectively [52] . The results indicate that this approach is suitable for developing a chemosensor for monitoring SSFs, reducing the analytical work for quantification of enzyme activities [52] .
Supernatants from a fermentation process of Pichia pastoris were analysed by a combination of spectroscopic techniques [27] . Models were developed to predict the concentration of glycerol and methanol in the supernatants using PLS regression [27] . Overall, the results reported by these authors indicated that UV-Vis spectroscopy was able to quantify protein contents in the supernatants analysed [27] .
The application of UV-Vis spectroscopy was evaluated as an inline sensor to monitor changes in colour and total phenol concentration during red wine fermentation [51] . The sensor presented by the authors was based on multiple light-emitting diodes (LEDs) (280-525 nm) [51] . According to the authors, these studies confirmed that LED sensors can be used to measure the concentration of phenolic compounds in-line [51] . The incorporation of a 100 µm path length flow cell avoids the need for dilution of the sample, making in-line measurements possible [51] . The sensor provides in-line measurement of the evolution of the total phenolic content and colour extraction patterns during red wine fermentation [51] .
The crystallization of biopharmaceuticals can be problematic due to the impurities present during the biosynthesis of these compounds [53] . During the bioprocess, impurities can lead to changes in the properties of the drug that can significantly reduce its effectiveness or even put the final user in danger [53] . In this study, the authors evaluated the effects of solvent, cooling rate, seeding and purity of the initial material on the final size distribution and purity of the crystals, where the whole process was monitored using UV-Vis spectroscopy [53] .
Monitoring the utilisation of sugars during fermentation is a key aspect to optimise product development and maintain a healthy environment for microorganisms to grow and thrive [54] . However, an industry standard technique for the rapid, inexpensive and sensitive detection of sugars in complex media (containing a number of components: nutrients, cell debris, waste as well as the target products) has yet to be established [54] . A number of authors have evaluated the use of UV-Vis spectrophotometry for the quantitative determination of xylose during fermentation. Absorbance at the wavelength 671 nm shows a linear relationship with xylose concentration within a range of 0.1-0.5 g/L [54] . The authors concluded that UV-Vis spectroscopy was able to measure xylose concentration during fermentation [54] .
Monascus pigments, a mixture of azaphilones mainly composed of red, orange and yellow pigments, are usually prepared in aqueous ethanol and were monitored using UV-Vis spectroscopy [55] . Monitoring of different types of anaerobic and aerobic bacteria capable of decomposition and fermentation of wastepaper cellulose using UV-Vis spectroscopy was also reported [56] . Samples (n = 40) were collected from varied environments (agricultural soil, wastewater, and normal soil) and three types of bacteria were diagnosis and isolated (Clostridium phytofermentous, Escherichia coli, and Pseudomonas aeruginosa) [56] . Physicochemical properties and the stability of melanin from Auricularia auricula fermentation broths were evaluated using UV-Vis spectroscopy [57] . The results, reported by Zhou et al., indicated that it was possible to monitor the fermentation broths for melanin powder [57] .
Li and co-workers investigated the potential of UV-Vis as a means of monitoring the production of a biopharmaceutical, Lovastatin, which is a product of the submerged fermentation of Aspergillus terreus [58] . The industry standard analysis for monitoring the drug concentration in a fermentation broth is high-performance liquid chromatography (HPLC) [58] . However, this technique is expensive and prohibitively time-consuming, especially in the context of high-throughput sample analysis [58] . The authors reported a direct and simple dual-wavelength UV-Vis spectrophotometric method of quantifying lovastatin content in the fermentation broth [58] . Detection limits of 0.320 µg/mL in the standard solution and 0.490 µg/mL in the fermentation broth were observed (the quantification limit was 3.955 µg/mL for the broth sample) [58] . The authors concluded that dual-wavelength UV-Vis spectroscopy is a rapid, sensitive, accurate, and convenient method for quantifying lovastatin in fermentation broth [58] . Advantages and limitations of the use of UV-Vis spectroscopy to monitor bioprocess and fermentation are shown in Table 1 . Table 1 . Advantages and limitation of the use of UV-Vis spectroscopy for the analysis and monitoring of bioprocess and fermentation.
Item

Advantages Limitations
Samples and sampling
Allow the continuous sampling of the process
The sample and other interferences (e.g., damage cells, turbidity) are also analysed
Hardware
Commercially available instrumentation easily available Type of instrument, fibre optic options, highly dependent on the type of sample (e.g., liquid, semisolid, turbid media).
Routine use Easy to implement Highly dependent on the type of sample, and process.
Data analysis
A lot of information and data can be collected to monitor the process Not only information about the sample is collected, interferences, noise is also collected during the process.
Training
Easy to use in routine Education and high understanding of the system, interpretation of the data and interferences.
Chemical compounds and properties
Several compounds can be measured
Limit of detection and quantification, depending on the process and sample.
Conclusions
The advent of new types of UV-Vis instrumentation and sample presentation options has aided in the development of new possibilities to monitor fermentation processes in biological and food samples (see Figure 1) . The literature reports several considerable successes to this end, particularly for the routine screening of typical constituents, such as anthocyanins, phenolics, sugars, and antioxidants, in complex food matrices. The challenges of isolating matrix interferences remain but the incorporation of data mining and multivariate data analysis techniques extends the possibilities of using UV-Vis spectroscopy in bioprocess and fermentation monitoring in the food industry. 
